Introduction
The Brescia-Cimino arteriovenous fistula (AVF) is accurately credited with making chronic hemodialysis (HD) a viable long-term treatment [1] . The use of endogenous vessels granted longevity and resistance to infection. Over recent years, enthusiasm for this procedure . CKD signifies point prevalent general Medicare CKD patients (from the 5% sample), age 66 and older; adjusted for age, gender, race, and diabetic status. ESRD signifies point prevalent ESRD patients; adjusted for age, gender, race, and dialysis vintage. . CKD signifies point prevalent general Medicare CKD patients (from the 5% sample), age 66 and older; adjusted for age, gender, race, and diabetic status. ESRD signifies point prevalent ESRD patients; adjusted for age, gender, race, and dialysis vintage. The answers all relate to the AVF. Even relatively young and healthy patients will eventually develop CV complications, mostly CHF, due to the prolonged presence of an AVF. CV mortality that is orders of magnitude greater in young HD patients compared with the general population cannot only be due to traditional CV risk factors. Studies in HD patients of modification of CV risk factors, including calcium loading, fail to show significant benefit because the risk associated with an AVF creates 'noise' that drowns out any effect of treatment. Preemptive transplant patients usually do not have an AVF, while those transplanted after initiation of HD often do. The Japanese perform HD with lower blood flow rates and typically create relatively small radiocephalic (RC) AVF, which presumably are a lesser cardiac burden. PD patients, for the most part, do not have an AVF. HD patients do poorly after revascularization because an AVF in addition to coronary artery disease (CAD), or established CHF, is a disaster. Mortality has not improved overall with greater use of AVFs because they are likely being placed in some patients who should not receive them based on clinical status. The last two questions are obviously rhetorical. This paper is an attempt to restore critical thinking to this crucial area of hemodialysis treatment. We use the term AVF toxicity to describe a constellation of negative effects directly related to the presence of an AVF. Some effects, such as high output heart failure, are obvious, though underrecognized. Others, including underdialysis, malnutrition, and global steal syndrome, are less so, and are described here for the first time. We conclude with recommendations for vascular access policy that take into account and seek to minimize AVF toxicity.
Cardiac Toxicity
The hemodynamic effects of a left-to-right shunt have been well described ( table 1 ) [7] [8] [9] [10] . With creation of an AVF, there is an immediate drop in peripheral vascular resistance, which leads to an immediate, compensatory increase in cardiac output (CO). This is accomplished by increasing pulse rate, stroke volume, and contractility, all mediated by activation of the sympathetic nervous system. Atrial and brain natriuretic peptide levels increase. There is expansion of the blood volume with increased left ventricular end diastolic dimension. Pulmonary flow (and in dialysis patients, pulmonary pressure) increases [11] . Over time, there is cardiac hypertrophy and four-chamber enlargement. Diastolic dysfunction and CHF may occur [12] . Classic high output failure has been described in numerous case reports [13, 14] , but is very likely underrecognized [15] . It should be considered in any dialysis patient presenting with signs or symptoms of CHF, but without obvious volume overload. Repeated hospital admissions, with variable response to HD are further clues. These patients should be investigated with right heart catheterization and measurement of CO before and after AV shunt compression. It must be understood that measured CO may be normal in these patients [16] . We refer to this as 'pseudonormalization' of CO. It is the fraction of CO going to the AVF that is important [17] . If a patient with an AVF has symptomatic CHF, chamber dilatation, a reduced ejection fraction (EF), and a CO measured at 5 l/min, we cannot be misled by the latter number. We refer to the 'effective cardiac output' (eCO) as the difference between the total CO and the AVF flow. This is the CO that is available for tissue perfusion. Since measurement of CO via thermodilution is not exactly precise, these numbers need to be interpreted using clinical judgment and experience. It is also unlikely that the CO will abruptly return to baseline, even after 5 or 10 min of shunt occlusion, due to ongoing activation of the sympathetic nervous system. eCO = Total CO -Qavf Pulmonary hypertension has been detected in 40-50% of HD patients [18] . This morbid complication develops shortly after AVF creation, is related to the magnitude of the AV shunt, and is reversed by shunt ligation [19] . It is suggested that HD patients have inadequate pulmonary vasodilatation in response to the increased flows caused by the AVF, possibly due to suboptimal production of nitric oxide (NO), or the presence of inhibitors of NO, such as asymmetric dimethyl arginine [20] . The subendocardial viability index (SEVI) is a pressure-time integral ratio, where the numerator is the area between LV and Ao diastolic pressures and the denominator is area under LV systolic pressure. The numerator reflects coronary perfusion and the denominator the work of the heart. Decreases in the SEVI lead towards subendocardial ischemia, and presumably, fibrosis. It is clear that AVF decreases the SEVI, and the higher the fistula flow, the more this occurs [21] . Thus, AVFs set the stage for ischemic cardiomyopathy, which is the end stage of AVF-related cardiotoxicity.
AVF-related cardiac toxicity thus can have myriad presentations ( table 2 ). We described several typical presentations in a case series [11] . There can be clear-cut high output failure with CO 1 10 l/min. The insidious development of CHF over years in a patient with an AVF should cause concern, particularly if CO appears 'normal', and there is no other obvious explanation for CHF, such as severe CAD. Patients may develop acute decompensation of CHF shortly after creation, or repair, of an AVF or arteriovenous graft (AVG). Pulmonary hypertension is prima facie evidence of AVF toxicity, and the AVF should be considered a reversible aggravating factor in CHF or CAD in all patients.
Steal Syndromes
Everyone is familiar with the classical steal syndrome involving the extremity distal to an AVF, where circulation and perfusion is 'stolen' by the shunt ( fig. 7 ) . Less well known is the coronary steal syndrome, where a left-sided AVF 'steals' flow from a left internal mammary artery coronary bypass graft. This can lead to myocardial ischemia, which is sometimes reported to increase during hemodialysis [22] .
We describe for the first time the 'global steal syndrome'. This occurs in compromised vascular beds removed from the actual site of the AVF, and is due to fistula-induced loss of eCO. Thus, lower extremity, or gut ischemia can be partly due to an upper arm AVF that robs a significant percentage of the CO. We recently saw a patient with a BC AVF (and ipsilateral hand ischemia) who presented with bowel ischemia, evidenced by pneumatosis coli on CT scanning. After a banding procedure (Mil ler procedure), the intestinal ischemia resolved clinically and radiographically ( fig. 8 , 9 ). In AVF patients with refractory ischemia, fistula reduction or ligation should be considered as salvage therapy if other measures fail.
Cardiopulmonary Recirculation, Underdialysis and Wasting
Cardiopulmonary recirculation (CPR) was first described by Schneditz et al. [23] using thermal recirculation data generated by us. It is unique to fistulas and grafts, and decreases the efficiency of hemodialysis. Freshly dialyzed blood returns to the fistula and makes a rapid transit through the right heart and pulmonary circulation. It then is pumped into the systemic circulation by the left ventricle, but a portion of this dialyzed blood re-enters the AVF, largely undiluted. The magnitude of this effect is proportional to the percent of CO that goes to the AVF. Since this percentage increases with higher flow, upper arm fistulas, CPR must also increase with these shunts. Van der Mark et al. [24] measured AVF flow and CO using the Transonics system in RC and BC AVFs and AVGs ( table 3 ) . Average flow in the RC shunts was 1 l/min, which represented 17% of CO. In the BC shunts, flow averaged 1.8 l/min, which was 27% of CO. CPR increased from 17 to 28%, respectively. CPR very likely contributes to underdialysis, malnutrition and wasting. There is no need for AVF flows over 600 ml/min. Since higher flows actually reduce dialysis efficiency through CPR, it would make sense to surgically reduce upper arm shunts, where flows average 1,700 ml/min. Adding to concerns about inadequate solute clearance is that by increasing CO and work of the heart, the AVF raises resting energy expenditure (REE). CO is a principle determinant of REE; thus, all AVFs increase REE in direct proportion to their effect on CO. Dialysis patients are on the borderline of protein-calorie malnutrition, and this added energy requirement may contribute to longterm negative energy balance and wasting. HD patients with AVF who exhibit 'failure to thrive' should be considered for fistula ligation.
Hypertension and Intradialytic Hypotension
The hemodynamic response to an AVF as detailed above may cause sustained increases in sympathetic tone. The maintenance of a higher CO also requires an increased blood volume. These may lead to worsened, and or refractory, hypertension in certain patients. Some patients may also become pre-load dependent and have severe intradialytic hypotension with modest volume removal.
Central Vein Stenosis
MacRae et al. [25] suggest central vein stenoses develop in part as a result of vascular remodeling in response to high-flow AVFs. They base this on the observation of central vein stenoses in patients who never had central catheters, and that the majority of such stenoses occur at sites never cannulated. We believe this is an accurate assessment. Perhaps central vein stenoses are an attempt by the venous system to defend itself from ab- * ** p < 0.001; ** p < 0.01; * p < 0.02 versus AVF upper arm group. Qa = Access flow; MAP = mean arterial pressure; TPVR = total peripheral vascular resistance; AR = access resistance; SVR = systemic vascular resistance.
a Qa adjusted by analysis of covariance for variations related to variations in CO. normally high pressure and flow? Perhaps we should allow these to develop (to a point) rather than obsessively dilating and stenting them? Natural History of the AVF Snapshot epidemiologic data and retrospective studies do not convey an adequate picture of the AVF toxicity [26] . There have been no randomized, long-term, controlled trials comparing AVF with AVG, or catheters. Obvious selection bias makes it impossible to draw conclusions from observational data on access choice and survival [27] .
Observation of many patients over a long time leads to an understanding of the potentially sinister natural history of the AV shunt.
Immediately after creation of an AVF, the CO and work of the heart increase, while the SEVI deteriorates. Over a variable period of time, depending on baseline cardiac status, fistula flow, and other factors, the cardiac chambers dilate, and pulmonary hypertension develops. All roads lead to cardiomyopathy. The elevated CO declines toward 'pseudonormalization'. The AVF tends to dilate over time, with increased flows. It comes to steal a greater percentage of the reduced CO, and CPR increases, with impaired dialysis adequacy. Further reduction in the eCO leads to global hypoperfusion ('global steal syndrome'), failure to thrive, and death.
Reversal of AVF Toxicity
Several published studies confirm the reversibility of at least the cardiac manifestations of AVF toxicity [28, 29] . We have observed dramatic clinical and echocardiographic resolution of severe, symptomatic CHF in 3 patients following AVF closure and permcath placement. In a recent paper [30] , 25 HD patients with malfunctioning AVF who underwent fistula closure and permcath insertion were compared with 36 matched controls with functioning AVF. The closure group had significant decreases in LV mass, LV mass index, LV diastolic diameter, septal thickness, diastolic posterior wall thickness, and significant increases in EF, compared with no significant changes in the control group. The group that underwent ligation had relatively low fistula flow rates, due to chronic malfunction, suggesting the potential for more dramatic improvements in patients with high-flow fistulas.
Discussion and Conclusions
The AVF is a nonphysiologic anomaly and should be considered a 'lesser evil,' as opposed to something inherently desirable [31] . AVF toxicity is directly proportional to access flow rate, and inversely proportional to cardiac status. Fistula toxic effects are, for the most part, unrecognized and fly below radar. The AVF undoubtedly contributes to excess CV mortality in HD patients and shortens life spans.
Pressure to increase fistula use may worsen outcomes as clinically inappropriate patients receive them [32] . Cardiac evaluation with, at a minimum, echocardiography should precede AVF surgery. Patients with EF below 40% and significant pulmonary hypertension should not get an AVF.
High AVF flow is detrimental in many ways. A reasonable goal should be 400-800 ml/min. We should learn from the Japanese. Brachial artery fistulas should be placed rarely, if at all. Every attempt should be made to moderate flow if they must be used. Cardiac status and fistula flows should be monitored; banding or ligation of AVF should be performed if the former is deteriorating. Outflow stenoses in high-flow AVF should be tolerated unless flows drop to ! 500 ml/min.
Catheters have obvious problems, but have been demonized mostly by associative data. There will be a need for catheters that cannot be reduced below a certain minimum. We can and must do a better job to reduce catheter complications.
PD should be the first modality in most, to spare them an AVF. We do not recommend placing a fistula electively in PD patients. The timing of placement of AVFs in predialysis patients needs to be considered carefully. Three months before anticipated start of HD should be more than adequate. It is unreasonable to give patients the vascular burden of an AVF a year or more before onset of HD. As a corollary, AV shunts should be ablated following successful transplantation, certainly after a year, and in some cases sooner.
In patients with refractory heart failure, unstable angina, global or peripheral steal syndrome, and failure to thrive, ligation of AVF is beneficial and indicated.
